Purpose. Burkholderia pseudomallei, the tier 1 agent of melioidosis, is a saprophytic microbe that causes endemic infections in tropical regions such as South-East Asia and Northern Australia. It is globally distributed, challenging to diagnose and treat, infectious by several routes including inhalation, and has potential for adversarial use. B. pseudomallei strain MSHR5848 produces two colony variants, smooth (S) and rough (R), which exhibit a divergent range of morphological, biochemical and metabolic phenotypes, and differ in macrophage and animal infectivity. We aimed to characterize two major phenotypic differences, analyse gene expression and study the regulatory basis of the variation.
INTRODUCTION
Burkholderia pseudomallei is the causative agent of melioidosis and is categorized as a tier 1 biological select agent by the US Department of Health and Human Services [1] (www.selectagents.gov/selectagentsandtoxinslist.html). It is a saprophytic, free-living Gram-negative bacterium that is commonly found in soil and water in South-East Asia and Northern Australia, and is predicted to be distributed worldwide in tropical and subtropical locations [1] [2] [3] [4] [5] [6] . Infections with B. pseudomallei occur upon exposure to contaminated water, soil or secretions, and through skin abrasions, inhalation or ingestion. Important risk factors for melioidosis include occupational exposure (e.g. rice farming), travel to endemic areas and immunocompromising conditions, such as diabetes or alcoholism. The disease is manifested by numerous, often nonspecific, general symptoms such as fever, ulcerating lesions of the skin and mucus membranes, pneumonia, abscesses in multiple organs, and septicaemia. Without effective treatment, the course of melioidosis can range from acute and rapidly fatal to a protracted and chronic form. Reoccurring illness is also observed and can potentially be due to reinfection or relapse of a latent infection. Melioidosis is of widespread concern due to the causative organism's large environmental range, the diagnostic challenges and the prolonged, two-phase treatment regimen, complicated by the intrinsic resistance of B. pseudomallei to many antibiotics and the absence of a licensed vaccine [2] [3] [4] [5] [6] [7] . In addition, B. pseudomallei has the potential for adversarial use, because of its high aerosol infectivity and ability to cause severe disease with often nonspecific symptoms [5, 8] (www.selectagents.gov/selectagentsandtoxinslist.html).
Numerous studies, beginning with those reported in 1924 by Stanton et al., established that B. pseudomallei strains isolated from human and animal samples or from environmental sources very commonly display two or more colony variants [9] [10] [11] . The frequent production of colony morphological variants from a single strain is a well-established bacterial phenomenon [12] [13] [14] [15] . Morphotypic changes may be due to mechanisms such as phase and antigenic variation; and expression of the colony morphotypes can result from genetic or epigenetic regulatory mechanisms. Colony variants of B. pseudomallei have been described as morphologically nonmucoid or rough, and mucoid or smooth. The colony types have been associated with certain in vitro phenotypic differences and potentially with alterations in in vivo virulence [16] .
Specifically, numerous recent studies support the hypothesis that different Burkholderia colony morphotypes potentially reflect adaptive changes which enhance fitness in a particular environment [15] [16] [17] [18] [19] [20] . Many investigations by Chantratita and colleagues confirmed the predominance of variants with a rough morphology in B. pseudomallei strains cultured from melioidosis patients [15] . This colony type (designated morphotype I) was seen on Ashdown's medium in >75 % of clinical isolates. However, colony morphology varied greatly within and between samples and seven distinct colony morphologies of B. pseudomallei were identified [15] . These morphotypes exhibited different abilities to survive and persist in cell culture and in mice, and to resist killing by peroxide and antimicrobial peptides [15, 17] . Similar colony switching was described by other laboratories. For instance, isolates recovered from a patient during the acute and relapse stages of B. pseudomallei infection varied phenotypically [16] . B. pseudomallei strain K96243 produced genetically identical colony colour variants that differed both in their extent of growth in vitro in low oxygen or pH conditions and in their ability to colonize gastric mucosa, [19] . Several laboratories have described strains that vary in colony morphology (especially in their mucoid vs nonmucoid appearance) in response to in vitro nutritional or environmental stresses, and have noted an association between this phenotype and differences in phagocytic uptake and survival or in in vivo infectivity [7, [15] [16] [17] [18] [19] [20] . Survival in a defined niche or cell, such as the gastric mucosa or splenic macrophages, may not necessarily be predictive of animal survival [7, 19, 21] . However, as shown in several studies, certain infection-associated environmental stressors may play a role in conversion to a maximally fit variant(s) [12, 15, [17] [18] [19] 21] . The genetic or epigenetic basis of colony and phenotype switching, and the existence of any common mechanisms for it among B. pseudomallei strains, require further study.
B. pseudomallei strain MSHR5848, originally isolated from the sputum of a patient from Northern Australia with a suspected case of inhalational melioidosis, was recently shown to produce two distinct colony variants, a rough (R) and smooth (S) type, similar to those described above [7] . However, these variants were distinguished by their relative stability in routine laboratory conditions, and the broad diversity and range of phenotypes in which they differed. The variant phenotypes included colony and cell morphology, sensitivities to antimicrobial conditions, metabolic utilization patterns, macrophage survival and cytotoxicity, and animal virulence. Both variants were present in source material, although in different proportions, yet both were relatively stable when passaged individually under routine laboratory conditions for the preparation of single colony isolated stocks. Nevertheless, both S and R variants were capable of reverting to the alternate morphotype under certain conditions, albeit in a stochastic manner, with the R variant tending to revert more frequently overall and after exposure to a wider range of stressful in vitro conditions than the S variant [7] . These characteristics resemble a common finding reported previously for other B. pseudomallei strains, as described above. However, whole-genome sequence analysis of R and S variants revealed that a single 3 base duplication separated the variants genetically and it occurred immediately upstream of a homologue of a gene encoding a previously described bacteriophage phage protein [7, 22] .
The objectives of the current study were to expand the expression analysis of the MSHR5848 R and S variants, and to determine the role of the small genetic alteration in the diverse phenotypes displayed by these strains. Our hypothesis was that the genes impacted by the genetic duplication have a direct or indirect regulatory role in the expression of multiple phenotypes.
METHODS
Bacterial strains B. pseudomallei strain MSHR5848 was originally isolated from human sputum in a suspected inhalational melioidosis case in Australia, as described in detail previously [7] . The relatively stable variants, designated R and S, of MSHR5848 were characterized by Shea et al. [7] . Burkholderia mallei strain ATCC 23344 was isolated in December 1944 from the post-mortem cultures of knee fluid, skin pustules and blood of a Chinese soldier who died of a glanders-melioidosis type of infection in Burma [23] . B. mallei strain FMH is a human clinical isolate derived from B. mallei ATCC 23344 [21, 24] .
Media and growth conditions
The differential nonselective media included sheep blood agar (SBA) plates and Luria broth (LB) agar plates, with or without 4 % (v/v) glycerol. Differential selective media used were: BCSA (Burkholderia cepacia selective agar) plates, with polymyxin B, gentamicin, vancomycin, sucrose and lactose with dye to detect acid production, and with or without 700 µg kanamycin ml À1 ; Ashdown's agar plates containing dyes and gentamicin or 700 µg kanamycin ml
À1
; methyl green (MG) agar plates, with or without 700 µg kanamycin ml
; and LB agar with 700 µg kanamycin ml
. The LB, Ashdown's and MG agar plates were manually prepared [21, [25] [26] [27] . The other plates were available commercially (Thermo Fisher-Remel). Liquid growth media were LB, LB with 4 % (v/v) glycerol (LBG) or glycerol tryptone broth (GTB) [27, 28] . Cultures with these media were incubated at 37 C for 18 to 72 h, as indicated in the text.
Bacterial RNA extraction and analysis To extract total RNA from the bacteria, GTB was inoculated with bacterial growth from freshly streaked plates of the S and R variant strains, and the cultures were incubated overnight at 37 C with shaking at 250 r.p.m. The overnight cultures were adjusted to an OD 600 of 1.0 (approximately 1Â10 9 c.f.u. ml
) and diluted to obtain samples containing 1Â10 7 c.f.u. in 1 ml GTB. The cells in these samples were collected by centrifuging for 2 min in a microcentrifuge at 13 500 r.p.m. After removing the supernatants, the pellets were resuspended in 250 µl GTB and the suspensions were homogenized thoroughly by pipetting. TRIzol reagent (Ambion Life Technologies) was used to lyse the bacteria as described in the TRIzol RNA user guide. A volume of 0.75 ml TRIzol was added to each 1 ml sample and mixed to produce complete lysis of the bacteria. The samples were then incubated for 10-15 min at room temperature, and stored at À80 C until used. To isolate RNA, the frozen TRIzol samples were thawed and 500 µl transferred to tubes containing pre-spun Phase Lock Gel-Heavy (Quantabio, VWR), incubated for 5 min, extracted with 0.1 ml chloroform, centrifuged at 12 000 g for 10 min at 4 C and the clear upper layer removed. RNA extracts of the latter were prepared by using a PureLink RNA mini kit in accordance with the manufacturer's instructions (Thermo Fisher Scientific).
RNA samples were obtained from three independent colony stocks of each variant. The samples were assessed for RNA yield and quality. RNA concentration was determined by Qubit RNA broad range assay (Thermo Fisher Scientific), according to the manufacturer's protocol. Quality was assessed by evaluating 1 µl total RNA on the TapeStation (Agilent). The quality analysis yielded the following RNA integrity number (RIN) scores for each sample: 6.6, 8.1 and 9.3 (S samples), and 6.8, 8.2 and 8.8 (R samples). Total RNA in the amount of 500-800 ng was subjected to ribosomal RNA depletion by using a Ribo-Zero rRNA removal kit (Bacteria) (Illumina) and the Apollo 324 automated system (WaferGen Bio-systems); the rRNA removal kit removes >99 % of 16S and 23S rRNA and >85 % of 5S rRNA. Briefly, total RNA was mixed with probes that hybridize to rRNA and then bound to magnetic beads. The beads were pelleted to the side of the tube and supernatant, depleted of rRNA, was purified and concentrated using RNAClean XP beads.
RNA sequencing (RNA-Seq) Expression data from cultures of three independent stocks of each variant were collected. To sequence the RNA samples, libraries were generated using ScriptSeq v2 RNA-Seq library preparation kit (Illumina). First, mRNA was fragmented, primed with random hexamers and converted to cDNA. After purification with AMPure XP, cDNA was amplified with primers containing Illumina adapter sequences. Reverse primers also had indexes. After this, PCR libraries were purified with AMPure XP. Quality and concentration were assessed by the TapeStation DNA1000 assay, and normalized libraries were pooled together. Final quantification of pooled sample was done by quantitative PCR (qPCR) with a KAPA library quantification kit (KAPA Biosystems). Based on qPCR results, the pool was diluted to 2 nM concentration and sequenced on one lane of an Illumina HiSeq2500 high output run.
Transcriptomic analysis
Adapters were removed using Cutadapt v1.9dev1 [29] . Reads were quality trimmed and filtered with Prinseq v0.20.3 [30] . Reads less than 70 bp in length after trimming and singletons were removed. Reads were aligned to B. pseudomallei MSHR5848 (GenBank accession numbers: NZ_CP008909-NZ_CP008910) using Bowtie2 v2.1.0 [31] . Reads were assigned to features using HTSeq v0.6.0 [32] in union mode requiring a minimum mapping quality of 10. Normalization and differential expression analysis were performed using DESeq2 v1.18.1 [33] . The P values of genes differentially expressed by R and S were calculated using the default DESeq2 settings (Wald test, with P values adjusted using the Benjamini-Hochberg method [33] ).
Isolation and analysis of fMSHR5848 bacteriophage Bacteriophage suspensions were prepared and enumerated by methods described previously [22, 34] . In brief, the B. pseudomallei MSHR5848 variants were incubated for 18 h in LB at 37 C with shaking (200-235 r.p.m.). A broth culture of the indicator strain, B. mallei FMH or ATCC 23344, was grown similarly except in LBG medium. After centrifuging the R variant culture at 10 000 r.p.m. for 10 min (Avanti JA25.50 rotor) to remove the bacteria, the supernatant was sterilized by filtration (0.22 µm pore size). The filtrate was combined with B. mallei in LB top agar with 0.7 % (w/v) agarose and 4 % (v/v) glycerol, and poured on LBG agar plates. After incubation for 18-20 h at 37 C, the bacteriophage present in plaques of semi-confluently lysed lawns of bacterial growth were eluted with LB, and the eluates were centrifuged to remove agar debris. The supernatant was filter sterilized to remove any residual B. mallei cells. The bacteriophage sample was plated on SBA plates and incubated at 37 C to confirm sterility. Concentrations of phage in culture filtrates and sterilized suspensions were determined by serially diluting the phage preparation in PBS, combining the dilutions with the B. mallei host strain in soft agar overlays, and after incubating, counting the p.f.u.
Electron microscopy (EM) methods
Sterile bacteriophage suspensions were fixed with 2 % glutaraldehyde, and adsorbed to formvar/carbon-coated grids and were negative stained with 1 % phosphotungstic acid. Samples were evaluated on a JEOL 1011 transmission electron microscope at 80 kV and digital images were acquired using an AMT camera system. fMSHR5848 DNA isolation, sequencing and analysis Bacteriophage DNA was purified from a B. mallei ATCC 23344 plate culture lysate using the Wizard lambda preps DNA purification system (Promega). The phage DNA was sequenced as described below and contigs were used to search the non-redundant nucleotide collection (nr/nt) database with the Basic Local Alignment Search Tool (-BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and fMSHR5848 genes and proteins were analysed using both BLAST and the Burkholderia Genome Database (www.burkholderia.com/).
Isolation and characterization of extracellular DNA (eDNA)
Removal of surface DNA eDNA was extracted from MSHRS5848 variants by a modification of the method described by Austin et al. [19] . Specifically, the MSHR5848 variant strains were incubated for 3 days at 37 C on plates (LB agar, SBA or LB agar with kanamycin) to maximize surface DNA production (mucoid colonies). Plate growth was scraped off and suspended in 5 ml Qiagen buffer P1 with RNase. The suspension was vortexed vigorously for 30 s and spun at 14 000 r.p.m. for 5 min. The supernatant was removed and an equal volume of Tris-saturated phenol/chloroform/isoamyl alcohol (25 : 25 : 1) was added. The tubes were shaken vigorously for 10 s and then intermittently for 2 min; and centrifuged at 13 000 g for 15 min at 4 C. Aqueous fractions were removed to new tubes and 0.7 volumes of room temperature isopropanol was added to precipitate the DNA. After mixing, the samples were centrifuged (13 000 g for 15 min, 4 C). The pellets were dried and dissolved in 200 µl TE buffer (10 mM TrisHCl with 1 mM EDTA, pH 8.5). Samples prepared included the crude aqueous fraction of the phenol extract, and the more purified ethanol precipitated and washed samples.
Agarose gel electrophoresis
The extracted eDNA samples were separated by electrophoresis in a 0.7 % agarose gel run in Tris/borate/EDTA buffer.
The gel samples contained 40 µl DNA (aqueous layer or purified precipitate) and 10 µl Gel Pilot loading dye (Qiagen); and 4-5 µl of 1 kb Plus TrackIt ladder (Thermo Fisher Scientific) was included for size approximations. The gel was stained with Gel Red (Biotium) or SYBR Safe DNA gel stain (Thermo Fisher) and visualized on an UV light trans-illuminator.
DNA sequencing and analysis DNA was sheared to 400 bp using a LE220 focused-ultrasonicator (Covaris). End repair, A-tailing and ligation of barcoded Illumina adapters were performed on the Apollo 324 automated system, using a Prep X Complete ILMN DNA library kit (WaferGen Bio-systems). Libraries were enriched using a KAPA library amplification kit with 10 cycles of PCR. Libraries were quantified by TapeStation, normalized and pooled with other samples for sequencing. The final pool was quantified by qPCR using a KAPA library quantification kit (KAPA Biosystems), diluted to 2 nM concentration and denatured following the Illumina protocol. Cluster generation and sequencing were performed on a HiSeq 2500 rapid run, resulting in 2Â100 bp reads. For DNA analysis, reads from each sample type were mapped to the two B. pseudomallei strain MSHR5848 chromosomes (RefSeq accession numbers NZ_CP008909.1 and NZ_CP008910.1) with Bowtie2, using default options [31] . Samtools (version 1.3) was used to process alignments, and the Samtools depth command was used to calculated coverage across the two chromosomes [35] . Coverage plots show a mean read depth across 2000 bp sliding windows, and were generated with custom R scripts [36] .
Microscopy to detect eDNA
To assess formation of eDNA in the S and R variant strains, LB agar plate cultures were incubated for 3 days at 37 C. Colonies were suspended in PBS, and the suspensions were dried on microscope slides and stained with the DNA-binding dye propidium iodide (PI; Sigma-Aldrich). The slides were viewed on an Olympus BX51 microscope with phase contrast (100Â, oil immersion objective) and fluorescence (excitation 535 nm/emission 617 nm) microscopy. Photomicroscopy was carried out by using the Olympus cellSens standard imaging software.
Cloning of genes downstream of the 3 base duplication
The seven genes downstream of the ATA duplication sequence, DP65_RS19865-DP65_RS19835, were PCR-amplified using R variant genomic DNA (gDNA) with primers 5848-1 (5¢-GCTCTAGAACTAGTGTAGGAGAGCAGATGAAAAGG-3¢), 5848-2 (5¢-TTATCGAGCCCTCGCCGCTG-3¢), 5848-3 (5¢-GCGAGGGCTCGATAATGTGG-3¢) and 5848-4 (5¢-TCCTGCAGCCCGGGGTTAGGTTAAGAGCCGCATTTG À3'). Briefly, two PCR products of~2.3 kb were generated with the 5848-1/2 and 5848-3/4 primer pairs. PCR amplifications were performed in a final reaction volume of 100 µl containing 1Â FailSafe PCR PreMix D (Epicentre), 1.25 U FailSafe PCR enzyme mix (Epicentre), 1 µM PCR primers and approximately 200 ng gDNA. PCR cycling was performed using a Mastercycler pro S (Eppendorf) and heated to 97 C for 5 min. This was followed by 30 cycles of a three-temperature cycling protocol (97 C for 30 s, 55 C for 30 s and 72 C for 3 min) and 1 cycle at 72 C for 10 min. The two PCR products were excised from agarose gels and purified with a PureLink quick gel extraction kit (Invitrogen). The products were directionally cloned downstream of the lacZ promoter into the broad-host-range expression plasmid pSRKKm [37] linearized with BamHI by using a GeneArt seamless cloning and assembly kit (Invitrogen). The resulting plasmid containing the 4560 bp seven-gene insert was designated as p19865-35 (Fig. 4) . The p19865-35 plasmid was digested with SalI, removing 1897 bp at the 3¢ end of the sevengene cluster (DP65_RS19845-DP65_RS19835) and re-ligated to form p19865-35DS. The p19865-35 plasmid was also digested with NdeI and re-ligated, removing all but 462 bp at the 3¢ end of the insert. The resulting plasmid contained only the DP65_RS19835 gene and was designated as p19865-35DN. Plasmid p19865-35DC was constructed by digesting p19865-35 with ClaI, removing the 2760 bp fragment and re-ligating. The resulting plasmid contains DP65_RS19865 and DP65_RS19860, but lacks the remaining five downstream genes. The first gene of the seven-gene cluster, DP65_RS19865, was PCR amplified with primers 5848-1 and 5848-5 (5¢-GCTCTAGAACTAGTGACGTGTGGTCATTCGCCGTG-3¢) and cloned into pSRKKm using the GeneArt kit. The second gene, DP65_RS19860, was PCR amplified with 5848-6 (5¢-TCCTGCAGCCCGGGGTCACGCGATCCGCAGCTCGC-3¢) and 5848-7 (5¢-TCCTGCAGCCCGGGGTCGTC GTTGTCGCGTGGCAG-3¢) and cloned into pSRKKm as described above. The plasmids containing the first and second genes were designated as p19865 and p19860, respectively. All *For reference, the corresponding K96243 locus tags are shown in parentheses, if known. †Differences in the level of expression are shown relative to the R variant. Genes are listed in order of decreasing expression in S as indicated by the fold change (log 2 ). Those genes expressed more in S are are shown as negative values, and those expressed more in R are shown as positive values. The log 2 values for the gene clusters are the mean log 2 values for all loci included in the cluster. The data shown are from RNA extracted from three independent colony samples of each variant. ‡The statistical significances were determined as described in the text. NA -not applicable, for these multi-gene clusters. §Putative lipoprotein that is homologous to the gp19 protein of bacteriophage 'E122.
||The four genes of the FMSHR5848 gene cluster with >2 log 2 differences only are shown. The R values were significantly greater than the S values, as described in the text.
plasmid constructs were electroporated into Escherichia coli S17-1 and subsequently conjugated into the R variant of MSHR5848 with selection on LB agar plates containing 700 µg kanamycin ml À1 and 25 µg polymyxin B ml À1 [38] . Restriction endonucleases and T4 DNA ligase (Roche Molecular Biochemicals) were used according to the manufacturer's instructions. Bacterial gDNA was prepared by using a GenElute bacterial genomic DNA kit (Sigma-Aldrich). Plasmids were purified from overnight cultures by using the Wizard Plus SV miniprep DNA purification system (Promega).
RESULTS
Transcriptomic analysis of variant phenotypic expression A 3 bp duplication in variant S, which was not present in variant R, of B. pseudomallei strain MSHR548 was associated with the many diverse phenotypic differences between the variants described by Shea and co-workers [7] . These included alterations in colony and microscopic morphology, metabolic and antimicrobial phenotypes, growth within and toxicity for macrophages, and virulence for mice. In the present study, we have assessed the range of differences in gene expression exhibited by the variants and concentrated on the role of the genes downstream of the duplication on the phenotypic divergence of R and S, especially as they impacted production of the copious eDNA and of a newly described complete bacteriophage.
Transcriptional analyses were performed on RNA extracted from the variants to determine the association between the ATA duplication in S with differences in the expression profiles of S compared to R. The data presented in Tables 1 and  S1 (available in the online version of this article) were obtained from three independent single colony stocks of both variants, as noted in Methods. Table 1 provides an overview of the findings for representative genes and gene clusters that differ in expression between S and R, as indicated by the fold change (log 2 ). Those genes expressed more in S are indicated as negative values, and those expressed more in R are shown as positive values. For the multi-locus gene clusters, the log 2 values shown in Table 1 are the mean of these values for each gene in the cluster, and the P values are the median P values associated with the cluster. The three genes exhibiting the greatest differences in expression are located immediately downstream of the 3 base duplication that distinguishes S and R. They encode hypothetical phage-associated proteins that are similar to proteins encoded by the family Myoviridae phage fE12-2 from B. pseudomallei strain E12 [22] , and the three loci include RS19865, RS19860 and RS19855 on chromosome 2. They are annotated respectively as a putative lipoprotein similar to gp19 of bacteriophage fE12-2, a hypothetical protein homologous to gp18 of phage fE12-2 and a hypothetical protein like gp17 of phage 'E12-2. Their expression was increased in S by >7 to 9 log 2 fold compared to R, with P values <1Â10
À205 (Tables 1 and S1 ). These data imply that there may be little or no expression of these genes in R. The strains varied greatly in expression of many other genes. In addition to the seven genes downstream of the ATA duplication, the table includes representative loci and gene clusters with a potential role in phenotypic variation and with large differences in expression, most >3.5-fold log 2 change. Some representative genes included those encoding enzymes involved in the biosynthesis of siderophores (i.e. pyochelin, malleilactone), proteins involved in pili assembly and the type VI secretion system cluster 4 (T6SS-4), and several exopolysaccharides and secondary metabolites. Two major phenotypes were selected for more detailed characterization in this paper. A detailed study of the remaining numerous phenotypes (Table 1) is beyond the scope of the current study and is the subject of ongoing research.
Isolation and sequencing of a unique MSHR5848 bacteriophage One of the many phenotypes associated with the 3 bp duplication and which differed greatly between S and R involved production of an apparently unique bacteriophage, 'fMSHR5848', encoded on chromosome 1. This intact phage belongs to the family Siphoviridae phage and has tail proteins resembling those of bacteriophages fE125, f1026b and f644-2 [39] , as illustrated in Fig. 1(a) . The bacteriophage families of B. pseudomallei are distinguished by their tail structures, which are long and either contractile (Myoviridae) or noncontractile (Siphoviridae). The fMSHR5848 phage genome is 55 226 bp and spans from 419 701 to 474 926 on chromosome 1 of MSHR5848 (DP65_RS01790-DP65_RS02155). The prophage integrated into the tRNAPro gene (DP65_RS01785) by duplicating the 3' end of the gene (Fig. 1b) . A BLAST search revealed that the majority of fMSHR5848 genes exhibit similarities to genes of the Siphoviridae phages of B. pseudomallei strains 644 (f644-2) and 1026b (f1026b), and to Burkholderia thailandensis strain E125 (fE125) [22] . The differences in genome size and structure of these phages reflect the extensive recombination that occurs in phage genomes and their resulting modular structure [22] . The fMSHR5848 phage was produced in much larger quantities by R than by S (data not shown); in four independent experiments by two investigators, broth cultures of the R variant contained concentrations of fMSHR5848 phage that were greater than those in S cultures by 215-, 394-, 833-and >7000-fold. This finding was confirmed in recombinant studies described below. The RNA-Seq transcriptional analysis showed that four loci of the bacteriophage fMSHR5848 gene cluster were downregulated in S as shown by positive log 2 change values of >2 (Table 1 ); these differences were significant, with P values for the four genes ranging from P=0.047 to 1Â10 À6 (Table 1) . Therefore, the chromosome 2 fE12-2-like Myoviridae prophage genes downstream of the ATA duplication site in S appear to play a role in decreasing fMSHR5848 production. These chromosome 2 genes are normally not transcribed in the parental R variant, and their high level of transcription in the S variant was associated with its reduced production of fMSHR5848.
Production of eDNA
The production of eDNA is another prominent phenotypic difference between the MSHR5848 variants as previously reported. It had been detected microscopically on the cell surface, most noticeably for the S variant [7] . We obtained direct evidence for the presence of eDNA on the colony surface by staining with methyl green, a dye known to form a green complex with polymerized DNA at pH 7.5 [26] . Colonies of the S variant clearly bound more green dye than did colonies of the R variant (Fig. 2a) . These results confirmed the evidence for enhanced production of eDNA by S as shown by positive straining with the DNA-binding dye PI and examination by fluorescence microscopy [7] . To analyse the composition of this DNA, surface DNA was removed and subjected to gel electrophoresis and DNA sequencing. The eDNAs from R and S variants were removed and separated by agarose gel electrophoresis. In addition to the final purified DNA samples, the crude aqueous fraction of the phenol extract was also run to maximize recovery. As shown in Fig. 2(b) , both variants appeared to produce eDNA, but S produced a much greater quantity than R, and eDNA was not detected in the more purified precipitated sample from R. The high molecular mass of the material suggested that the source might be whole chromosomal DNA. Sequence analysis showed that the eDNAs from both strains were consistent with B. pseudomallei whole genome DNA. Plots prepared of the coverage of both variants for each chromosome were highly similar and it appears that all of the genome is well represented in each sample (Fig. 3) .
Cloning of the seven-gene region downstream of the ATA duplication To evaluate the role of the upregulated Myoviridae-like prophage island genes on production of fMSHR5848 phage, eDNA and potentially other variant phenotypes, the seven genes downstream of, but not including, the duplicated ATA region were cloned in the IPTG-inducible, broadhost-range expression vector pSRKKm (Fig. 4) . There was a high level of spontaneous expression by the cloned genes on p19865-35 in the absence of IPTG. Due to this and the cytotoxic effects of IPTG on the bacterial growth, IPTG was not routinely used in expression studies and phenotypic analyses.
The first three genes, DP65_RS19865-RS19855, encode hypothetical proteins homologous to three proteins from the Myoviridae bacteriophage fE12-2, and they exhibited the greatest difference in expression in S as compared to R (Table 1) . DP65_RS19855 is predicted to be a pseudogene due to the presence of a premature stop codon (Fig. 4) . The fourth and fifth genes in the seven-gene region, DP65_RS31535 and DP65_RS19845, were expressed approximately 4.1-and 4.0-fold more highly by S than by R variants ( Table 1 ). The proteins they encode are annotated as a cytosine-specific methyltransferase, similar to gp19 of fE12-2, and bacteriophage replication gene A protein. The terminal two genes in this group were expressed 2.0-fold (RS19840) and 2.4-fold (RS19835) more in S than R variants, and are both predicted to be bacteriophage zinc-binding transcriptional activators. The genes in this cluster are located within a conserved Myoviridae gene module predicted to be involved in establishment and maintenance of lysogeny and DNA replication [22] .
Phenotypic analysis of recombinants
The R variant was transformed with the recombinant pSRKKm plasmid, p19865-35, to characterize the effects of inducing expression of the seven-gene region on production of fMSHR5848, eDNA, and other phenotypes known to distinguish R and S [7] . The transformed R strain phenotypically resembled the S variant in all characteristics evaluated. First, the presence of the seven-gene recombinant p19865-35 in R was associated with a reduction in production of fMSHR5848 to the same level as that of S, i.e. from 20-fold to >360-fold less than that of the R clone harbouring the null vector alone (Fig. 5) . The expression of this chromosome 2 region downstream of the ATA duplication in the R resulted in a highly significant suppression of fMSHR5848 production compared to either the original parent R strain or the clone harbouring empty vector pSRKKm, P <0.0001 ( Fig. 5; and data not shown) . Additionally, the R (p19865-35) recombinant produced greater amounts of eDNA as shown by colony morphology on MG agar plates and microscopically by PI staining of cell suspensions ( Fig. 6a-f ; and data not shown). Finally, expression in R of the region downstream of the 3 base insertion in S was associated with differences in colony morphology on agar media and in lactose utilization. The R strain recombinant produced Fig. 4 . Cloning of the seven Myoviridae-like prophage island genes on chromosome 2 implicated in suppressing production of fMSHR5848, a family Siphoviridae phage encoded on chromosome 1. The IPTG-inducible broad-host-range expression vector pSRKKm with a kanamycin resistance marker was used. The seven Myoviridae-like prophage genes on chromosome 2 downstream of the ATA duplication were cloned into pSRKKm and the resulting construct was designated as p19865-35. DP65_RS19855 is predicted to be a pseudogene due to the presence of a premature stop codon (*). This figure is a modification the pSRKKm schematic published previously as Fig. 1 in the work by Khan et al. [37] .
colonies with a smooth, yellowish or purple mucoid S-like morphology on LB or Ashdown's agar, respectively, whereas the mutant containing the vector plasmid alone exhibited the typical flat, dry R colony morphology (Figs 7a-c and S1 a-c). The cloned genes converted R phenotypically to S, as demonstrated also by the decline in acid production due to lactose metabolism on BCSA plates (Fig. S2a, c) .
To identify the gene(s) in the seven-gene region of MSHR5848 responsible for the multiple phenotype variation, recombinants of R were constructed that carried either of the first two genes of the seven-gene region immediately downstream of the ATA insert (Fig. 4 -RS19865 or  RS19860 ). These two genes are expressed to a much greater extent by variant S than by R, and they both encode hypothetical proteins similar to putative proteins of phage fE12-2, as described in Table 1 . Of significance, either of these genes alone could reproduce the S phenotypes in the R variant. The R recombinants harbouring either of these two genes resembled the S variant in eDNA production on MG agar (Fig. S3) , and they were positive for eDNA by PI staining to an extent resembling that of the parent S variant (Fig. 6g, h ). The one-and two-gene R recombinants also resembled S in colony morphology and acid production on agar plates (Figs 7b, d , e, f; S1d, e; and S2 a, b).
Bioinformatic search for the presence of genetically related sequences in B. pseudomallei A BLASTN analysis of Burkholderia strain genomes in the NCBI database was done to search for the ATA duplication and for homologues of the sequence flanking this duplication. As shown in Fig. 8, a 780 bp sequence flanking the ATA duplication (nucleotide positions 213-215) in the S variant was subjected to the search. It includes the first (DP65_RS19865) and second (DP65_RS19860) prophage genes which are downstream of the ATA duplication, and were very highly upregulated in the MSHR5848 variant S (Table 1, Fig. 8a ). Only the MSHR5848 variant S contains this duplication. All other Burkholderia species that have homologous DNA do not have this duplication. Importantly, most Burkholderia strains do not have these phage genes and did not appear in this BLASTN search. The only Burkholderia strains that contain both genes 1 and 2 downstream of the ATA duplication are B. pseudomallei strains and bacteriophage fE12-2 (10): TSV 48, MSHR5855, MSHR840, Bp 1651, PHLS 112, K96243, HBPUB10134a, fE12-2, NCTC 13178 and MSHR5848 (Fig. 8b) . The homology with all other Burkholderia strains with high similarity (17) ends at the stretch of TTTTTTT (upstream of the second gene) and none of these harbours the ATA duplication.
DISCUSSION
In this paper, the genes proximal to the genetic alteration that distinguishes the R and S variants of MSHR5848 were identified, and the impact of expression of the latter on the variant phenotypes evaluated with a focus on the prominent production of eDNA by S and a novel bacteriophage by Shea and co-workers determined that a single 3 base Fig. 5 . Phage production by MSHR5848 recombinant strains with cloned variant genes. The concentration of phage produced by variants S or R harbouring either the pSRKKm vector alone (vector) or recombinant plasmid p19865-35 having the seven-gene insertion (insert) is shown; and the data are the geometric mean number of p.f.u. ml À1 with geometric standard error (GSE). The experiment was performed in duplicate on two separate occasions, and the limit of detection was 1Â10 2 p.f.u. ml À1 . Phage production was not affected by the presence or absence of IPTG. Statistical significance was determined by ANOVA on log transformed values. R/vector value was significantly greater than S/vector and R/insert (*), P<0.0001; and the latter two were not significantly different from each other (**), P=0.52.
duplication on chromosome 2 separated the variants genetically and it occurred immediately upstream of a gene putatively encoding the homologue of a phage fE12-2 lipoprotein (Table 1 ). In the current paper, a cluster of phage-related genes on chromosome 2 was shown to be upregulated in S as a consequence of the duplication. The activity of one or more of these genes can now be associated with the large array of phenotypic characteristics that diverge between S and R, ranging from colony morphology and other in vitro characteristics such as eDNA and lytic phage production to virulence for mice [7; this paper].
The exteriorization of DNA by B. pseudomallei strain K96243 has been demonstrated, and Shea et al. later reported evidence for the presence of eDNA on the surface of MSHR5848, most prominently on the S variant. Thus, eDNA might be a relatively common function in B. pseudomallei [7, 19] . In the current study, the presence and extent of eDNA was verified microscopically, molecularly and by colony dye binding. The eDNA consisted of chromosome 1 and 2 DNA; however, the mode of secretion or transport to the surface and the function of the DNA are unknown. We observed no differences in biofilm production in vitro by S and R (S. Welkos, unpublished data). However, it is possible that the DNA has a role in adherence or biofilm formation by B. pseudomallei in the environment or within a host, in the distinct colony morphologies of the S and R variants, or in the high recombination rate of B. pseudomallei. The differential production or localization of eDNA by the MSHR5848 variants will be evaluated further to better understand the role of eDNA in the biology and host interactions of B. pseudomallei.
The results of a transcriptional analysis of RNA samples from S and R confirmed that major differences in gene expression were responsible for the variants' extensive array of phenotypic differences (Tables 1 and S1 ). The greatest expression differences included the three genes proximal to the ATA duplication in the S variant, a situation that apparently allowed expression of chromosome 2 genes typically not transcribed in the parent R strain. Additional expression differences were observed concomitantly for loci expressing products that might impact a diverse array of phenotypes having potential roles in virulence and survival in the host. These included gene clusters encoding siderophores, cytotoxins, and T6SS products; external structures potentially involved in host interactions (exopolysaccharides, pili); nutrient secretion and utilization loci; bacteriophage production; and other products likely involved in in vivo or environmental survival [7, 40] . For example, the overexpression of siderophores and pilus-assembly-associated loci by S (Table 1 ) might suggest a role for the gene products in a localized host niche, e.g. facilitating adherence to host cells or survival in macrophages [41, 42] . In contrast, the greater expression by R of numerous T6SS effectors, secreted peptides and exopolysaccharides (Table 1 ; and data not shown) agrees with this variant's greater acute virulence for mice [7, .
Strain MSHR5848 produces an apparently novel Siphoviridae-like bacteriophage that was produced to a greater degree by R than by the S variant. Its classification in this phage family was supported by the finding of highly similar gene sequences in the Siphoviridae phages from three other closely related Burkholderia strains [22, 34, 64] . The size and structure of fMSHR5848 differed, however, from that of the comparable phages, likely a consequence of the recombinogenic nature and mosaic structure exhibited by B. pseudomallei phages, prophages and related gene islands [22] . These differences corroborate the designation of fMSHR5848 as a novel representative of the family Siphoviridae of Burkholderia phages. The significantly greater yield of p.f.u. in cultures of R compared to S corresponded to the greater expression of several of the fMSHR5848-associated genes by R in the RNA-Seq analysis (Table 1) ; and the reduction in fMSHR5848 production associated with expression of the seven-gene chromosome 2 region was confirmed by the complementation of R with the cloned region downstream of the chromosome 2 ATA duplication. Bacteriophage fMSHR5848 synthesis might simply be one of the many phenotypic variations of S and R, or, alternately, its enhanced production in R could influence expression of other phenotypes as well as modulate pathogenicity, as suggested previously [22] .
A bioinformatics search indicated that the ATA duplication in strain MSHR5848 is unique among all the Burkholderia spp. strains included in the comparative analysis of a 780 bp sequence flanking the duplication (Fig. 8) . Also, only B. pseudomallei strains, among all the Burkholderia strains tested, possessed genes homologous to at least the two most proximal prophage genes downstream of the duplication in MSHR5848; most of the nine strains identified here also have the seven-gene cluster (Fig. 8b) . They included, for instance, B. pseudomallei E12 (with the fE12-2 phage); MSHR5855, another Australian isolate from a sputum sample, nearly indistinguishable genetically and phenotypically from MSHR5848 R [7, 58, 65, 66 ; and S. Welkos, unpublished data]; HBPUB10134a, a strain from Thailand shown to be of notably high virulence [58, 67] ; and K96243, a strain commonly used in laboratory animal models, isolated in Thailand from an acute and rapidly fatal melioidosis case. Similarly to the R and S variants, K96243 produces relatively stable phenotypic variants differing in colony morphology and in vivo colonization capabilities [19, 68] .
To evaluate the significance of the genetic change that distinguishes S and R, the seven genes downstream of the ATA duplication site in S, homologous to the chromosome 2 phage fE12-2 genes [22] , were cloned and expressed in R. The presence of these genes in the R recombinant endowed it with phenotypes identical to those in the S variant. Furthermore, subclones expressing only the first two genes, alone or together (Fig. 4) , could recapitulate the S phenotypes. This finding was surprising, but appears to be plausible given the large differences in R and S expression of these two loci (the third gene upregulated in S, RS19855, has an internal stop codon that might affect its influence, if any, on S and R phenotypes). The relatively lower expression in S of genes 4-5 and of 6-7 of the ATA-associated cluster may be related to the modular and variable nature of Burkholderia prophages [22] .
It can be hypothesized that the increased expression of one or both putative lysogeny-like gene(s) in S represses induction of the chromosome 1 Siphoviridae prophage. The The location of the ATA duplication in S is indicated by an inverted triangle and the approximate location of a stretch of seven thymine residues is also shown. (b) The BLASTN algorithm was employed to examine nucleotide database sequences that exhibit high similarity to the 780 bp sequence depicted in (a). The default BLASTN algorithm parameters were utilized and the top 27 highly similar sequences are shown here as red lines. The 10 most highly similar sequences were from B. pseudomallei strains, including Myoviridae bacteriophage fE12-2, and they encode genes homologous to DP65_RS19865 and DP65_RS19860. The remaining 17 sequences were from strains of B. thailandensis, B. pseudomallei and Burkholderia sp. and the sequence similarity abruptly ends at TTTTTTT.
mechanism by which these two very small proteins can affect the expression of this phage, as well as that of the other phenotypes distinguishing the variants, is unknown. Nonetheless, the broad and pleiotropic nature of the phenotypes impacted by MSHR5848 variant switching suggests that the lysogeny gene homologues may be part of a global regulatory system, acting as negative regulators or inhibitory intermediaries. This hypothesis is supported by the location of the gene cluster within a conserved Myoviridae gene module involved in establishing lysogeny and maintaining DNA replication [22] . To detect whether the lysogeny-like gene products act directly as repressors or activators of loci involved in, for example, eDNA transport, the sequences flanking such loci must be identified and assays such as DNase footprinting or gel mobility shift performed to detect protein-gene binding.
Phenotypic switching is a well-known phenomenon in pathogenic Burkholderia and the subject of many studies [7, [9] [10] [11] [15] [16] [17] [18] [19] [20] [21] . As reviewed above, B. pseudomallei is notoriously highly variable in its colony morphologies as well as other phenotypic properties. The variable colony morphotypes of B. pseudomallei appear to be generally epigenetic and capable of switching at a stochastic rate, as described in detail previously [12, 13, 15] . Additional phenotypic differences have been associated with colony morphotype reversion, such as those involving uptake by and replication within macrophages, survival in environmentally stressful conditions and metabolic activity [17] [18] [19] [20] . This phenotypic plasticity may provide an advantage to B. pseudomallei in its responses to stressors by allowing conversion to a maximally fit variant, perhaps via epigenetic mechanisms [12, 15-18, 20, 69] . Although the phenotype reversion of MSHR5848 resembles the previously described behaviour, it was accompanied by alterations in a more diverse array of phenotypes than has been reported ( [7, 15, [17] [18] [19] [20] ; this paper). Even though the mechanisms involved in expression of these phenotypes have not been elucidated, the broad and pleiotropic nature of the phenotypes impacted by R and S switching suggests a role for a master regulator with global control over multiple genes. A transcriptional regulator controlling colony colour variation (yelR) was identified in the studies of Austin et al. [19] ; however, it is not known whether the gene identified (BPSL1887) or another mechanism controls expression of the other phenotypes described for K96243 such as low pH tolerance. It was hypothesized that the variants were subjected to bistable switching, whereby a random mechanism produces alternate phenotypic states under control of a master regulator [19] . These epigenetic switching mechanisms perhaps involve expression of regulators in response to environmental stressors [19, 70, 71] . Alternately phenotypic switching could be a consequence of phase variation, which involves reversible alterations to the genome such as DNA inversions, mispairings or recombinations [70] . It would be interesting to determine whether the colony colour gene of K96243 is associated with, or under control of, a fE12-2 phageassociated gene or other phage homologue(s) as implicated for MSHR5848.
Since the 3 bp duplication is apparently unique to MSHR5848, it may have resulted from a recombination/ replication switching mechanism not common in B. pseudomallei. This mechanism could produce the two alternate versions of one or all of the many R and S phenotypes, as discussed above [13, 14, 70] . While the genetic event observed in MSHR5848 may not be universal in B. pseudomallei, the phenotypes that are activated by it may facilitate the study of their biology and role in the organism's environmental or host survival. For example, most B. pseudomallei strains might be capable of exporting eDNA to varying extents. Transposon mutagenesis of the high eDNA producing S variant may yield various mutants that are no longer mucoid. The analysis of these variants could reveal genes critical to the DNA export pathway as well as the potential role of the eDNA in the characteristic and striking genetic plasticity of B. pseudomallei. In conclusion, the findings from this study help to advance efforts to understand the mechanism of Burkholderia phenotypic variation. Further investigations employing diverse strains of B. pseudomallei will be necessary to acquire a global grasp of this phenomenon.
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